ABSTRACT: We use a model to predict the age structure and density of an intertidal mussel Mytilus edulis L. population on the 10 primary mussel beds of the Exe estuary, England. We investigate the relationship between the number of parameters in the model and its accuracy in describing the observed density-age structure. The full detail version (382 parameters) assumes that recruitment rates are bed-specific and mortality rates are age-class, bed-and season-specific, and describes the observed age structure and density very accurately; the predicted estuary-wide density in March is 581 m -2 compared with an observed density of 578 m -2 during 1977 to 1983. The simplest version (24 parameters) describes the age structure and density almost as well (predicted estuary-wide density of 568 m -2 ) and assumes that: (1) density-dependence is absent in the 3rd-winter and older mussels, and density-independent mortality in these age classes is the same on all beds, but increases with age; (2) in younger mussels, density-dependent mortality operates above a threshold mussel density which is determined by bed exposure and has a strength which is the same on all beds, but which varies with age class; (3) recruitment rate is dependent on the density of adults on a bed and the bed's substrate softness. The model is tested by comparing its predictions, based on data collected during 1976 to 1983, with observed mussel densities during 1992 to 1997; a stable September mussel population of 524 adults m -2 is predicted and, in accord with this, the observed density of adults in September changed relatively little between 1976 and 1983 (541 m -2 ) and between 1992 and 1997 (450 m -2 ). We discuss why the number of parameters in the model can be reduced so greatly with very little reduction in the accuracy of predictions, and whether a similar approach could be used to model other shellfish populations.
INTRODUCTION
A long-term study of the mussel Mytilus edulis L. population of the Exe estuary has identified a high degree of variation in recruitment and mortality rates among different mussel beds located along environmental gradients throughout the estuary, and strong population regulation occurring mainly through density-dependent recruitment and mortality in young age classes (McGrorty et al. 1990 , 1993 , McGrorty & GossCustard 1991 , 1993 , 1995 . In this paper we develop an age-structured model of this population based on the data collected during the study. The purpose of this model is to predict, as accurately as possible, the density of mussel age classes, on each of 10 mussel beds, at the beginning and end of winter. The study was carried out at a fine bed-scale in order to better understand the functioning of the mussel system at the larger estuarine scale and because the model's output is used as input to a separate model of an oystercatcher Haematopus ostralegus L. population, whose primary food is mussels (Stillman et al. 2000) . Because of the length and intensity of the field study, enough data are available for us to initially build a highly detailed model in which, for example, density-dependent mortality rates vary among mussel beds, mussel age classes and between seasons. However, this detailed model is too Exe-estuary-specific to be applied to another system, and of little general value. We therefore show how the accuracy with which the model describes the real system changes as it is made more and more simple; for example, by assuming that mortality rates are the same on different mussel beds or by using environmental characteristics of beds to predict mortality rates rather than measuring rates separately on each bed. We find that the model can be simplified considerably with very little loss of its descriptive power. We discuss reasons for this and whether similar simplification will be possible in models of other shellfish populations.
METHODS
Study area. The Exe estuary is sheltered, and so its mussel Mytilus edulis L. population does not suffer from the catastrophic mortalities due to storms and other disturbance sources which dominate populations on rocky shores and in large embayments (e.g. Dare 1976 ). The majority of the Exe mussel beds were originally laid by man, probably over 100 yr ago, when extensive shellfishing occurred throughout the estuary. With the possible exceptions of Beds 30 and 31, which lie on a gravel substrate close to the estuary mouth and are probably natural, most beds were laid in discrete patches on muddy or sandy substrates. Beds were tended and restocked by man until the 1940s, but after this time persisted naturally. More spat settle on Beds 30 and 31 near the estuary mouth than on up-estuary beds, but density-dependent mortality greatly reduces the variation in the numbers of surviving adults among beds. The proportions of spat originating from within and outside of the estuary are unknown. The formation of a new mussel bed on the Exe is an extremely rare event, having been observed only once in 25 yr, when spat survived for 2 to 3 yr after they settled on a patch of tube worms Lanice conchilega (Pallas) (S.M. pers. obs.). Almost all the mussels in the estuary occur on 10 mussel beds which, with 4 exceptions, are spatially distinct, being separated by areas of bare mud. The exceptions are Beds 3 and 4, which are separated by a stream, and Beds 30 and 31, which are separated by a gully. The mussel beds are spread widely throughout the estuary, 0.8 to 3.0 km from the estuary mouth, but with most lying in a line up the eastern side of the estuary. They vary widely in their duration of exposure and substrate softness (muddiness), with those furthest from the estuary mouth having the lowest exposure and softest substrate. Previous studies have shown that these environment gradients cause variation in the dynamics of the mussel population among the different beds. Further details and a map of the Exe estuary and its mussel population can be found in McGrorty et al. (1990) . The area, exposure, distance from the estuary mouth, and substrate softness of each bed are listed in Table 1 of McGrorty & Goss-Custard (1991) .
Field methods. The field data were collected between September 1976 and September 1983 from the 10 primary mussel beds (1, 3, 4, 20, 22, 25, 26, 27, 30 and 31) . The methods used to collect these data have been described in detail elsewhere (McGrorty et al. 1990 , McGrorty & Goss-Custard 1995 and so are only described briefly here. Each bed was surveyed in September and March each year, using a stratified random sample of 20 × 20 cm quadrats, to record the density of mussels in each of 9 age (year) classes. Mussel spat settlement peaks on the Exe in late winter/spring, and although it continues throughout summer (McGrorty et al. 1990 ), regardless of their actual age, spat were assumed to be 1 yr old the following March, and older mussels were also assumed to age in March.
Data analysis. The model was parameterized using data collected during 1976 to 1983. Linear regression equations were developed to predict age-class mortality rates (henceforth referred to as 'mortality') during the winter (September to March) and summer (March to September), and the density of new recruits in September (henceforth referred to as 'recruitment'). For consistency with previous studies (e.g. McGrorty & Goss-Custard 1995) , mortality was expressed as k-values. On the Exe, both mortality, particularly of 1st-winter mussels, and September recruitment are densitydependent (McGrorty et al. 1990 , McGrorty & GossCustard 1995 , and so mussel density was used as an explanatory variable in the equations. Equations of age-class mortality used the density of the age class itself at the start of the season (log 10 transformed), and those of the density of new recruits used the September density of all older age classes (also log 10 transformed). Trials showed that mortality and recruitment were less strongly related to other measures of mussel density. The weather may also influence mussel mortality (McGrorty & Goss-Custard 1995) , and so both mortality and recruitment were regressed against mean seasonal temperature, total seasonal rainfall and the number of gale days (wind stronger than Force 4), as well as mussel density. However, none of these weather variables were consistently related to either mortality or recruitment, and so were not considered further. Therefore, the final set of equations used in the analysis contained only mussel density as an explanatory variable. A range of equations were developed, each making different assumptions about the variation in recruitment and mortality among age classes and beds. To avoid selectivity, all parameter estimates were used in the model regardless of whether they were sig-nificantly different from zero. During the model simplification process, regression equations were developed which related the mortality or recruitment on a bed to the proportion of the tidal cycle which the bed is exposed, the bed's substrate softness, and the distance between the bed and the mouth of the estuary (see McGrorty & Goss-Custard 1991 for the methods used to measure these variables).
Mussel population model. The model is age-structured and divides the mussel population on each bed into 9 age (year) classes. Each age class is further divided into winter (September to March) and summer (March to September). The youngest age class modelled is 1st winter (represented by Age Class 1 in winter), followed by 2nd summer (Age Class 1 in summer), 2nd winter (Age Class 2 in winter) and 3rd summer (Age Class 2 in summer). The oldest age classes are 9th winter (Age Class 9 in winter) and 10th summer (Age Class 9 in summer). The model ignores 1st summer mussels because they settle throughout March to September and so their abundance fluctuates widely during this period. Simulations start in September and are initially seeded with the average density of each age class recorded on the bed between 1976 and 1983. In subsequent years, ageing and recruitment happen each September. The density (D) of recruits each September is dependent on adult density:
(1) where i = age class number (1-9), j = bed number (1-10), D 1,j,1 = density of recruits on Bed j in September, a and b = coefficients estimated by linear regression of recruit density against adult density, D i,j,1 = density of Age Class i on Bed j, in September. In the full-detail model, the values of a and b are bed-specific. On the Exe, spat usually only survive when they settle amongst the byssus threads of adults, which provide a refuge from crab Carcinus maenas L. predation (McGrorty et al. 1993) . Each adult mussel can only provide a refuge for a limited number of spat, and so to remove the possibility of predicting unrealistically high densities of recruits, the model limits the maximum number of recruits per adult:
where m = maximum number of recruits per adult; m was set to 25, the maximum number of spat recorded on an adult mussel on the Exe (S.M. unpubl. data). This means that the maximum number of recruits per adult predicted by the model can never exceed that observed. The main consequence of this assumption is that, as in the real system, the density of adults on a bed will limit the density of recruits if adults become rare.
Mortality occurs during both the winter and summer, and is dependent on age-class density:
where 
where K min = minimum k-value. K min was estimated by initially calculating the minimum k-value recorded on each bed, during the summer or winter, for Age Classes 1 to 5 (100 minimum k-values in total). We excluded the k-values of Age Classes 6 to 9 because the densities of these age classes were generally low and hence their k-values were subject to large errors. In order to represent the minimum k-value expected in any age class, during winter or summer, on any bed, K min was calculated as the mean of these minimum
Simulations were run over 100 yr. The Exe mussel population is highly regulated, with strong density-dependence in young age classes in particular (McGrorty et al. 1990) , and so it was not surprising that the model predicted very stable mussel densities. Therefore, predictions were the average mussel density of each age class, on each bed, at the end of winter during the last 50 yr of the simulation. There were no random components to the model and so only 1 simulation was run for each combination of parameter values.
Measuring model complexity and predictive power. We measured the complexity of the model as its num- Model predictions were compared with the observed March densities of the 9 age classes on the 10 beds in the 7 yr from 1977 to 1983, giving a total of 630 comparisons. The model's predictive power was measured as the percentage of the variation in the observed age class-, bed-and year-specific densities explained by its predicted age-class-and bed-specific densities (R 2 ) (predictions were not year-specific as the model predicted the same density each year): (5) where RSS = residual sum of squares between predicted and observed densities and SS = sum of squares of observed densities. At each stage of model simplification we compared the fit of the simplified model with that of the full detail model using an F-ratio test (Bates & Watt 1988) : (6) with (p f -p s ) and (n -p f -1) degrees of freedom, where RSS s and RSS f = RSS in the simplified and full detail model, respectively, p s and p f = number of parameters in the simplified and full detail models, respectively, and n = sample size.
The simplification process was guided by the model's fit to the data used to parameterize it (i.e. 1976 to 1983) . The comparisons made during this process were not a test of the model's predictive ability, but simply showed whether each successive model contained enough information to adequately describe the real system. However, the simplest version of the model was also compared with the mussel population densities in 1992, 1995 and 1997 . No data from these years were used to parameterize the model and so this was a test of the model's predictive ability.
RESULTS

Full-detail model
The full-detail model assumed bed-specific relationships between recruit density in Mytilus edulis and adult density (Eq. 2; 2 parameters [a and b] on 10 beds = 20 parameters) and age-class-, bed-and seasonspecific relationships between mortality and age class density (Eq. 4; 2 parameters [c and d] for 9 age classes on 10 beds in 2 seasons = 360 parameters). The model also assumed that the number of new recruits per adult mussel and the immigration rate were limited (parameters m and K min in Eqs. 2 & 4, respectively). In total, the full-detail model contained 382 parameters (Fig. 1) . The model's recruitment parameters varied considerably among beds (Fig. 2a,b) , as did its mortality parameters among beds and age classes and between seasons (Fig. 2c,d) .
Given that the model contained 382 parameters and was compared with the data used to estimate its para- Fig. 1 . Steps by which model was simplified meter values, it is not surprising that observed and predicted mussel densities were similar (Fig. 3) . The model accurately predicted the density-age distribution of mussels on each bed and the variation in density among different beds. The predicted estuary-wide density of mussels in March was 581 m -2 compared with an observed density of 578 m -2
. As the differences between observed and predicted were generally similar on all beds, all further comparisons are based on the estuary-wide densities of mussels. In both observed and predicted, the estuary-wide density of each age class was calculated as the average density across all beds.
Simplifying the model
The first stage of simplifying the model used the approach of McGrorty & Goss-Custard (1995) , who used 3 different regression models to describe the relationship between age-class density and mortality. These differed in whether the intercepts and slopes of this relationship were the same or differed among beds. In decreasing complexity, they assumed (1) bedspecific slopes (d i,j,k ) and intercepts (c i,j,k ; Eq. 4), (2) a common slope (d i,k ) but bed-specific intercepts (c i,j,k ):
or (3) a common slope (d i,k ) and intercept (c i,k )
The first approach represents the full-detail 382-parameter model, and as shown above this very accurately predicted density-age structure (Figs. 3 & 4a) . The simplified versions of the model were parameterized using regression models based on the assumptions in (2) and (3). The common slope, bed-specific intercept model had 220 parameters (180 age-class-, bed-and season-specific slopes, replaced by 18 ageclass-and season-specific ones) and a closer fit to the observed data than the full model, even though it contained just over half as many parameters ( intercept model had only 58 parameters (360 age-class-, bed-and season-specific slopes and intercepts, replaced by 36 age class-and season-specific ones), but had a poor fit to the data (Fig. 4c ) (F-ratio test against full-detail model: F = 5.9; df = 324, 247; p < 0.001). The common slope-different intercepts version provided the best compromise between parameter number and model fit, and so was used as the basis of further model simplifications (Fig. 1) . The common slope-different intercepts model assumed that mortality had a density-dependent component in all age classes in both winter and summer. Even if this component was not statistically significant or was very weak, a parameter was still present in the model. Additionally, any density-dependence operating in old age classes may have less effect on overall population size simply because the numbers surviving to these age classes are low, and so density-dependence in younger age classes may be more important in controlling population size. The next stage of simplification, therefore, removed the density-dependent component of mortality, starting from the oldest age class and successively moving towards the youngest age class. Ten parameters were removed by each step (10 bed-specific intercepts and 1 estuary-wide slope replaced by 1 estuary-wide intercept).
The removal of density-dependence in 3rd-winter and older mussels had little effect on the amount of variation in the observed data explained by the model (F-ratio test of model assuming density-independent mortality in 3rd-winter and older mussels against fulldetail model; F = 0.2; df = 302, 247; ns) (Fig. 5a ). The amount of variation explained by the model decreased when density-dependence was removed from 3rd-summer as well as older mussels (Fig. 5a ). This version of the model did not differ significantly from the fulldetail model (F = 0.7; df = 312, 247; ns), but overestimated the estuary-wide density of all age classes by an average of 26% (Fig. 5b) . Model versions assuming density-independent mortality in 2nd-summer or 1st-winter mussels predicted mussel densities much higher than those observed, and differed significantly from the full-detail model (F-ratio test of model assuming density-independent mortality in 2nd-summer and older mussels against full-detail model: F = 9.8; df = 332, 247; p < 0.001). In contrast, the model assuming density-dependence in 3rd-winter and older mussels accurately described the estuary-wide age distribution (Fig. 5b) . We decided that this model provided the best compromise between parameter number (80) and predictive power, and used it is the basis for further simplification (Fig. 1) . It predicted an estuary-wide mussel density of 636 m -2 . In the previous model, density-independent mortality from the 3rd-winter age class was age-class-specific, and so a separate parameter was required for each age class. To simplify this we investigated whether mortality was related to age class by regressing mortality against age class (Fig. 6a) :
where p k and q k = season-specific regression coefficients. Mortality was significantly and positively 137 Fig. 4 . Mytilus edulis. Effect of replacing bed-specific mortality parameters with estuary-wide parameters on the predicted estuary-wide age distribution in March: (a) full-detail model using bed-specific values for all parameters; (b) common slopes, separate intercepts model using estuary-wide densitydependent slope but bed-specific intercepts; (c) common slopes and intercepts model using estuary-wide densitydependent slopes and intercepts. Predictions are the mean estuary-wide age-class density during 50 yr and observations are mean and between-year standard deviation of estuarywide age-class density during 1977 to 1983 related to age class in summer (k = 2), but unrelated to age class in winter (k = 1) ( Table 1) . We used the values of p k and q k to calculate age-class-specific mortality during both the summer and winter. We used the values for winter, even though they were insignificant, for consistency with the summer and because the relationship was significant and positive if the k-value for 9th-winter mussels (which was based on very low mussel densities and hence subject to a large error) was omitted. The model based on these relationships contained 70 parameters (14 age-class-and season-specific intercepts replaced by 4 season-specific regression coefficients) and had a closer fit to the observed data than the previous model ( Fig. 1 ; F-ratio test against full-detail model: F = 0.2; df = 312, 247; ns) (Fig. 6b) . It predicted an estuary-wide mussel density of 623 m -2 .
The density-dependent relationships of 1st-winter to 3rd-summer mussels in the previous model assumed that intercepts differed among the different beds, and so had to be estimated on each bed. To simplify this, the relationship between the intercept on each bed and the physical characteristics of the bed were investigated. Following McGrorty & Goss-Custard (1991), these characteristics were the distance between the bed and the mouth of the estuary, bed-substrate softness and the percentage of the tidal cycle during which the bed was exposed. Of these variables only bed exposure was consistently significantly related to the intercept, when expressed in a model as both a linear and quadratic term (Fig. 7a) :
where r i,k , s i,k and t i,k = age-class-and season-specific regression coefficients and E j = exposure of Bed j. All values of s and t, except s 2,1 (p < 0.06) and t 2,1 (p < 0.11), Effect of replacing bed-specific, density-dependent mortality parameters with estuary-wide, density-independent parameters. (a) Relationship between youngest age class in which mortality parameters are estuarywide and density-independent (in younger age classes they are density-dependent and bed-specific) and model's accuracy and parameter number; (b) predicted and observed estuary-wide age distribution in March, when predictions are based on density-independent, estuary-wide mortality in either 3rd-winter and older mussels (3w) or 3rd-summer and older mussels (3s) (see Fig. 4 legend for details of the predicted and observed values) Fig. 6 . Mytilus edulis. Effect of replacing age-specific, densityindependent mortality parameters in 3rd-winter and older mussels with values predicted from mussel age. (a) Relationship between age class and mortality rate. (b) Predicted and observed estuary-wide age distribution, when mortality rate is predicted from age (see Fig. 4 legend for details of the predicted and observed values)
were significantly different from zero (Table 1) . These non-significant parameter estimates were still used because they had the same signs as the significant ones (negative s and positive t) and a similar fitted relationship (Fig. 7a) . These relationships were used to calculate the bed-specific intercepts in a simplified version of the model. This model contained only 42 parameters (40 age-class-, bed-and season-specific intercepts replaced by 12 age-class-and season-specific regression coefficients), but had a poorer fit to the data than the previous version (R 2 = 55.6% compared with 78.2%). However, it still accurately described the estuary-wide density-age structure (Fig. 7b) and did not differ significantly from the full-detail model (F = 1.0; df = 340, 247; ns). It was therefore used as the basis for further simplification (Fig. 1) . It predicted an estuary-wide mussel density of 580 m -2 . The last stage in model simplification was to reduce the number of parameters used to describe recruitment. In the previous models, the density of new recruits on each bed in September was related to the density of adults on the bed using a bed-specific regression equation. We attempted to find an estuarywide relationship which incorporated the bed-specific differences in recruitment as a function of their physical characteristics. Preliminary analysis showed that apart from adult density, the density of new recruits was most strongly related to the substrate softness of the bed. As spat on the Exe usually settle amongst adults, the relationship needed to predict no recruitment when adults were absent. Additionally, the density of recruits was non-linearly related to substrate softness. A model was developed with both of these attributes and accurately described the among-bed variation in recruitment (Fig. 8a,b) : (11) where u and v = non-linear regression coefficients and S j = substrate softness of Bed j. Both u and v were significantly greater than zero (Table 1), indicating that recruitment was higher when more adults were present, but lower on softer beds. When incorporating this relationship, the model contained only 24 parameters (20 bed-specific slopes and intercepts, replaced by 2 regression coefficients), still described the estuarywide density-age structure with a reasonable degree of precision (Fig. 8c) , and did not differ significantly from the full-detail model (F = 0.7; df = 358, 247; ns). It predicted 568 mussels m -2 in March. This was the simplest version of the model (Fig. 1) .
Stability of simplest model
Even though the simplest model described the mussel density-age structure almost as well as the fulldetail model, it would be less useful if it were less stable when the mussel population underwent large perturbations. To test this, we investigated how the predicted March estuary-wide mussel density was influenced by variation in the initial density of adults and the density of recruits per adult (Parameter u of Eq. 11) settling each year. Variation in the initial density of adults from 100 times less to 100 times more than the standard value had no influence on predicted mussel density (Fig. 9a ). This was due to strong density-dependent regulation in Age Classes 1 and 2 (the only age classes in which mortality was density-dependent); mortality was very low in small populations, and so they increased in size, whereas it was very high in larger populations, and so they decreased in size. In contrast, variation in the densities of recruits settling each year did influence predicted mussel density (Fig. 9b) . When the density of recruits was lower than 30% of the standard value, the mussel population decreased in size because recruitment was insufficient to replace mortality. When the density of recruits was higher than the standard value, the predicted mussel density increased. However, the proportional increase in mussel density was much lower than the proportional increase in recruitment (e.g. a 100-fold increase in recruitment caused a 2-fold increase in mussel density) and the increase in mussel density was restricted to Age Classes 1 and 2. This was due to strong densitydependent regulation in Age Classes 1 and 2, which meant that their own densities varied by less than the variation in recruitment and that the densities of older mussels were unaffected by recruit density (Fig. 9b) . In summary, even though there were far fewer density-140 Fig. 7 . Mytilus edulis. Effect of replacing bed-specific, density-dependent mortality intercepts (parameter c) for 1st winter to 3rd-summer mussels with values predicted from bed exposure. (a) Relationship between bed exposure and densitydependent mortality intercept. (b) Predicted and observed estuary-wide age distribution, when intercepts are predicted from bed exposure (see Fig. 4 legend for details of the predicted and observed values) Fig. 8 . Mytilus edulis. Effect of replacing bed-specific recruitment parameters with values predicted from substrate softness and adult density. (a) Relationship between bedsubstrate softness and recruit density; (b) relationship between adult density and recruit density; (c) predicted and observed estuary-wide age distribution, when recruitment is predicted from substrate softness and adult density (see Fig. 4 legend for details of the predicted and observed values) dependent relationships in the simplest model than in the full-detail one, these were still sufficient to generate strong density-dependent regulation in the mussel population. The predicted size of the population was only changed, to any extent, when the density of recruits decreased substantially below that observed.
Predictions of the simplest model
The model predicts that the densities of mussels on the different mussel beds should change very little through time. Furthermore, no significant relationships were found between any of the model's parameters and climatic variables, and so variation in the weather (at least within the range observed between 1976 and 1983) will not influence the model's predictions. In order to test the model, the predicted density of adult mussels (2nd-summer and older) was compared with the density of adults recorded in mussel bed surveys in September 1992 , 1995 comparison was restricted to adult mussels because these surveys did not allocate mussels to individual age classes. As predicted, the densities of adult mussels varied very little between 1976 and 1983 and between 1992 and 1997 . The model predicted a stable estuarywide September mussel population of 524 adults m -2 and the observed estuary-wide density changed relatively little between 1976 and 1983 (541 m -2 ) and between 1992 and 1997 (450 m -2 ). The mussel populations on individual beds were also relatively stable (Fig. 10) ; linear regressions of observed adult density against year were non-significant (p > 0.05) on 8 beds, significant (p < 0.05) and positive on Bed 20, and significant (p < 0.05) and negative on Bed 26, indicating that there was no consistent change in mussel density with time. Because of this, the model's predictions were just as accurate between 1992 and 1997 as they were between 1976 and 1983 ( Fig. 10) , even though the model's parameter values were based on data collected only during 1976 and 1983.
DISCUSSION
The accuracy with which the model predicted the observed age structure of mussel Mytilus edulis densities and its stability were virtually unchanged as the number of parameters decreased from 382 to 24. Although, the aggregated prediction of estuary-wide age structure was presented throughout most of the paper, this was in fact derived from 90 separate predictions of the density of 9 age classes on 10 beds. Additionally, predictions were made for both September and March and so, in total, the model generated 180 predictions each year. The number of parameters could have been reduced even further if predictions were only required for one time of year or a single bed.
The model accurately predicted the observed density-age structure between 1976 and 1983, but it could be argued that this arose simply because the model was compared against the data used to develop it. But in fact it was not necessarily the case that the model would produce accurate predictions. Predictions diverged widely from observations when the model became too simplified (e.g. when density-dependent mortality was assumed to be the same on all beds [ Fig. 4c ] or when mortality was assumed to be densityindependent in 3rd-summer and younger mussels [ Fig. 5a]) . Perhaps the main evidence that the model provides a realistic description of the real system comes from the accuracy of its predictions for the Exe mussel population in the 1990s. The model predicted a very stable mussel population, and as predicted, the density of adult mussels on the Exe varied little between 1976 and 1983 and between 1992 and 1997. Predicted and observed densities of adult (2nd-summer and older) mussels between September 1976 September and 1983 September and between 1992 September and 1997 The model could be simplified to such an extent because of certain characteristics of the mussel population. In particular, (1) the population is highly regulated by strong density-dependent mortality in a few young age classes, (2) the among-bed variation in mortality and recruitment are strongly related to environmental gradients between the different beds, and (3) changes in mortality among age classes occur in a predictable way. This meant that density-dependence could be omitted in age classes older than 3rd-summer, because regulation had already occurred, and that multiple bed-specific and age-class-specific parameters could be replaced with the parameters of regression equations using environmental factors or mussel age as explanatory variables. The extent to which these results are relevant to other systems largely depends on whether other systems share these characteristics. The Exe mussels are typical of many intertidal populations in sheltered estuaries and embayments. Patches or beds are long-lived and adult densities are stable over long periods (McGrorty et al. 1990 , GossCustard et al. 1996 , barring sporadic fishing or other disturbance or damage. The formation of new beds in these areas is probably a rare event. Only 1 new bed has formed in the last 25 yr in the Exe (S.M. pers. obs.). In contrast, populations in exposed locations (e.g. Morecambe Bay) consist of short-lived patches or beds derived often from a single dense spatfall onto 'bare' ground (Dare 1973 (Dare , 1976 . If these dense patches of uniformly small mussels are not destroyed by swarms of starfish (Dare 1982) , they grow rapidly, accumulating mud to a point of hydrodynamic instability in 1 to 3 yr, when the beds are destroyed by gales (Dare 1973 , 1976 , Nehls & Thiel 1993 . Even if mortality on the beds is density-dependent, the dynamics of these exposed populations is very different from that in the Exe, being dominated by the availability of spat to settle (so called 'supply-side' ecology: see Sale 1990 for review), space upon which to settle (Connell 1985 , Roughgarden et al. 1985 , Holm 1990 , Sutherland 1990 , Menge 1991 , Caley et al. 1996 and the frequency of catastrophic events. The modelling approach used in this paper can probably be applied to mussel populations in sheltered estuaries and embayments, but probably not to the most exposed sites, at least not without being coupled to other models predicting the density of spatfalls and frequency of severe storms.
The life histories of some other bivalves such as Abra spp. (Gibbs 1984 , Rainer 1985 , Bachelet 1989 and Gemma gemma (Weinberg 1989) contrast with that of mussels in that they do not produce larvae which disperse in the plankton. However, these 'closed' systems can still be studied using age-structured models similar to ours (e.g. Weinberg 1989 ). The life histories of most other bivalves are similar to that of mussels, in that many small eggs are released into the plankton, where they grow for 2 to 3 wk before settling among existing adult populations or elsewhere to form new beds. These are 'open' systems, because it is uncertain whether larvae return to the area of the parent stock or whether new recruits are derived from distant populations. It is generally assumed that the latter is most likely (Underwood & Fairweather 1989 ), but Arnold et al. (1998) have shown that for the bay scallop Argopecten irradians there is little mixing between populations in adjacent bays, and separate populations occur where oceanographic features retain larvae locally. In general, life histories are similar across many species, but there are particular differences. For example, the relationship between recruit and adult density can be positive (e.g. mussels Mytilus edulis [McGrorty et al. 1993] and cockles Katelysia scalarina [Peterson & Black 1993] ) or negative (e.g. cockles Cerastoderma edule [Hancock 1973 , Bachelet et al. 1992a , Mya arenaria [André & Rosenberg 1991] , and Chlamys islandica [Vahl 1982] ), or recruits can settle in nursery areas apart from the adults and only later migrate into adult beds (e.g. Macoma balthica [Beukema 1973 , Günther 1991 , Armonies & Hellwig-Armonies 1992 ).
Whether age-structured models can be applied to other species depends on whether there are 1 or more strong density-dependent relationships in the early stages, so that large annual fluctuations in larval supply from the plankton are reduced substantially in the adult phase. In the yellow clam Mesodesma mactroides (Brazeiro & Defeo 1999) , there is a dome-shaped relationship between recruit and adult density, suggesting that adults in some way aid the settlement or survival of recruits below a threshold density, but at higher densities hinder them. Thereafter, mortality is density-dependent at all stages. In Macoma balthica, there is strong density-dependent mortality (Beukema 1982) in the upshore nursery areas in summer after settlement and before the winter migration downshore to adult beds. In cockles Cerastoderma edule in the Burry Inlet, Hancock (1973) described a strong negative relationship between adult stock and recruit density. In all species such as these, with strong density-dependent relationships at early stages, adult population size is determined mostly by post-settlement processes on the bed, and age-structured modelling is appropriate.
Age-structured modeling is less suitable for species in which there are no strong density-dependent relationships in the early stages. For example, other studies of cockles (Beukema 1982 , Bannister 1998 , 1999 have suggested that the stock-recruitment relationship, although negative, is weak and therefore population size is controlled more by the supply of spat than by processes operating on the bed. This leads to large annual fluctuations in adult populations driven by large fluctuations of spatfall in earlier years. In such cases, the modelling approach used in this paper cannot be applied without being coupled to a plankton model (Possingham & Roughgarden 1990 , Eckman 1996 , Snodden & Roberts 1997 , Connolly & Roughgarden 1999 ) which, as shown by studies in the Wash (Young et al. 1996 (Young et al. , 1998 , may need to include wind and current parameters.
One of the main reasons why our model could be so simplified was that the mortality of mussels was strongly related to environmental gradients within the estuary. Although shellfish growth has been shown to vary along environmental gradients (for example, Harvey & Vincent 1991 , Jensen 1992 , Vincent et al. 1994 , McGrorty 1997 , variation in mortality has been measured less often (Sanchez-Salazar et al. 1987 , McGrorty & Goss-Custard 1991 , 1993 , 1995 , Robles 1997 . Species zonation patterns downshore or downestuary may be at least partially due to differential mortality, and such relationships with environmental variables might be found widely if looked for. In future studies, if relationships between mortality and environmental variables are known or strongly suspected, only a sample of patches along the gradient would need to be sampled and mortality on the remaining patches could then be predicted, thus saving time and resources.
